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RhoA-inhibitory bacterial toxins, such as Staphylo-
coccus aureus EDIN toxin, induce large transendo-
thelial cell macroaperture (TEM) tunnels that rupture
the host endothelium barrier and promote bacterial
dissemination. Host cells repair these tunnels by ex-
tending actin-rich membrane waves from the TEM
edges. We reveal that cyclic-AMP signaling pro-
duced by Bacillus anthracis edema toxin (ET) also
induces TEM formation, which correlates with
increased vascular permeability. We show that ET-
induced TEM formation resembles liquid dewetting,
a physical process of nucleation and growth of holes
within a thin liquid film. We also identify the cellular
mechanisms of tunnel closure and reveal that the
I-BAR domain protein Missing in Metastasis (MIM)
senses de novo membrane curvature generated
by the TEM, accumulates at the TEM edge, and trig-
gers Arp2/3-dependent actin polymerization, which
induces actin-rich membrane waves that close the
TEM. Thus, the balance between ET-induced TEM
formation and resealing likely determines the integ-
rity of the host endothelium barrier.
INTRODUCTION
Transcellular tunnels in the endothelium contribute to body fluid
balance and particle exchange, and form a path during diape-464 Cell Host & Microbe 10, 464–474, November 17, 2011 ª2011 Elsdesis of leukocytes across endothelial cells (Aird, 2007a,
2007b). The study of RhoA-targeting ADP-ribosyltransferase
toxins previously revealed a mode of endothelium barrier
breaching by the formation of transendothelial cell macroaper-
ture (TEM) tunnels of micrometer diameter (Boyer et al., 2006;
Lemichez et al., 2009). These structures are transient, as opening
is followed by the extension of actin-rich membrane waves from
TEM edges, leading to their closure (see Movie S1 available on-
line). How cells control the formation of TEM tunnels and how
pathogens coopt these regulations to breach the endothelium
barrier remain to be defined.
The actin cytoskeleton is a major determinant of endothelial
barrier regulation and is a cytoskeletal component hijacked by
a large number of pathogenic bacteria (Millan and Ridley,
2005; Aktories and Barbieri, 2005; Nourshargh et al., 2010). Actin
and nonmuscle myosin-2 (NM2) form a contractile actomyosin
network across the cytosol that resists spreading forces exerted
at the cell edge (Cai et al., 2010; Parsons et al., 2010). RhoA is
positively involved in the formation and contraction of this acto-
myosin network primarily by inducing a RhoA-kinase (ROCK)-
dependent phosphorylation and inactivation of NM2 regulatory
light-chain (MLC) phosphatase (Jaffe andHall, 2005). Transcellu-
lar tunnels form as a consequence of reduction of RhoA, ROCK,
and/or NM2 activities and the resulting loss of centripetal acto-
myosin-based contraction, which in turn results in cell spreading
and membrane tension increase (Cai et al., 2010; Boyer et al.,
2006). In conditions of RhoA inactivation, the spreading of endo-
thelial cells reduces monolayer paracellular permeability while
increasing transcellular permeability (Boyer et al., 2006). The
sum of the two opposite effects can decrease endothelial cell
monolayer and endothelium barrier function (Boyer et al.,
2006). As the opening of TEM tunnels via the loss of actomyosinevier Inc.
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cAMP Signaling Triggers Transcellular Tunnelscontraction is transient, it is evident that cells are able to perceive
and counteract tunnel formation. Such a cellular response is
essential to control vascular leakage and limit the dissemination
of bacteria into tissues (Boyer et al., 2006; Munro et al., 2010,
2011; Rolando et al., 2009). Defining the host mechanisms that
control transendothelial tunnel dynamics is important for the
understanding of how cells counteract such cellular perturba-
tions, while additionally providing insights into cellular pathways
that govern membrane dynamics.
Cyclic adenosine 30, 50-monophosphate (cAMP) is a ubiquitous
signaling molecule critical in limiting actomyosin contraction and
endothelium paracellular permeability, and is a target of bacterial
virulence factors, such as the edema toxin (ET) of Bacillus
anthracis (Mehta and Malik, 2006; Tang and Guo, 2009). Edema
and septic shock-like manifestations are a hallmark of infection
by B. anthracis. The etiological agent of anthrax produces, as a
major virulence factor, a bifunctional toxin targeting host
MAPK kinases (MEKs) and cAMP signaling pathways (Collier
and Young, 2003; Moayeri and Leppla, 2004). Anthrax toxin
components are comprised of the protective antigen (PA), the
edema factor (EF), and the lethal factor (LF) (Collier and Young,
2003; Moayeri and Leppla, 2004). Oligomers of PA bind to host
cell receptors and drive the entry of PA-associated enzymatic
components EF and LF into late endosomes for subsequent
injection into the host cell cytosol (Abrami et al., 2005; Dal Molin
et al., 2006). The association of PA and EF results in the ET, while
the association of PA and LF results in the lethal toxin (LT). LF
disrupts MAP kinase signaling by proteolysis of the amino-
terminal part of MEKs (Duesbery et al., 1998; Vitale et al.,
2000). EF is a calcium- and calmodulin-dependent adenylate
cyclase, which catalyzes the production of cAMP at the perinu-
clear region (Tang and Guo, 2009; Dal Molin et al., 2006). ET
has been recently recognized as a major virulence factor of
B. anthracis (Firoved et al., 2005). Intravascular injection of ET
rapidly triggers edema, prominent along the gastroinstetinal
tract, hypotension, and organ failure (Firoved et al., 2005).
Further ET plays a critical role in the induction of dermal endo-
thelium permeability observed after short periods of subcuta-
neous infection (Guichard et al., 2010; Firoved et al., 2005). ET
effects on endothelial cells at these early time periods of intoxi-
cation remain to be characterized.
Here we define the function of cAMP signaling in sensitizing
endothelial cells to form transendothelial cell tunnels, referred
to as TEM tunnels, a phenomenon coopted by B. anthracis
ET. We further show that MIM coordinates a cellular response
to tunnel formation, where it is able to accumulate at newly
created curved membranes to drive the local formation of
Arp2/3-dependent actin waves that close the tunnel.
RESULTS
Anthrax Edema Toxin Forms TEM Tunnels
To begin, we investigated endothelial barrier integrity of mice
following intravascular injection of ET. Evans blue dye extravasa-
tion assays revealed an increase of endothelial permeability in
edematous tissues that resulted from intoxication by ET
(PA+EF) (Figure 1A). Here, and in the experiments below, we veri-
fied that treatment with the PA alone had no effect (Figure 1A and
data not shown). Electron scanning microscopy revealed theCell Host &capacity of ET to trigger the formation of large transcellular tun-
nels in the endothelium, in correlation with its capacity to rupture
endothelium barrier integrity (Figures 1A and 1B). These tunnels
are phenomenologically identical to transendothelial macroaper-
ture tunnels (TEMs) formed by the RhoA ADP-ribosylating toxins,
EDIN or C3, which rupture the endothelium barrier (Boyer et al.,
2006; Lemichez et al., 2009) (Figure 1C and Movie S1).
The opening of transcellular tunnels has been recently
ascribed to a reduction of actomyosin contraction, leading to
a disruption of actin cables and an increase of cell spreading,
upon inhibition of RhoA or ROCK, as well as by knocking down
NM2 (Boyer et al., 2006; Cai et al., 2010). Consistently, in
ET-intoxicated cells we measured a 2-fold decrease in the
active-phosphorylated form of NM2 regulatory light-chain
(MLC) (Figure S1A) and 1.5-fold increase of cell spreading (Fig-
ure S1B). As observed with RhoA ADP-ribosylating toxins,
time-lapse video imaging revealed that ET-induced TEMs
formed transiently (Movie S1). Video imaging of GFP-actin-ex-
pressing cells intoxicated with ET further showed the recruitment
of actin around holes after their opening (Figure 1D, Movie S1,
and Boyer et al., 2006). Moreover, actin-rich membrane waves
were seen to extend progressively and invade the empty space
of the holes leading to their complete closure as described for
RhoA ADP-ribosylating toxins (Figure 1D and Movie S1).
Together these data established a correlation between the
capacity of ET to trigger the formation of TEM tunnels and
corrupt endothelium barrier function. Accordingly, endothelial
cell monolayers intoxicated by ET also displayed TEMs and
a decrease of barrier function, as previously observed for
RhoA ADP-ribosylating toxins (Figures S1C and S1D and Boyer
et al., 2006). Furthermore, we made use of a toxin chimera (LET,
LF1-254 fused to EDIN) that allows cell intoxication with EDIN via
the PA machinery. Intoxication with LET leads to RhoA inhibition
(Rolando et al., 2009) in the absence of cAMP induction (data not
shown). Inhibition of RhoA by LET ruptures endothelium barrier
by producing TEM (Rolando et al., 2009). Here we found that
LET recapitulated ET permeability effects along the endothelium
of the gastrointestinal tract following intravascular injection (Fig-
ure 1A). These data established by different approaches the
capacity of TEM-producing toxins to rupture the endothelium
barrier leading to edema.
Complementary to these findings, we observed that strains
of Bacillus anthracis producing ET triggered the formation of
TEM tunnels (Figure 1E and Figure S1E). Formation of TEMs
was also observed in endothelial cells infected by wild-type
bacteria producing ET+LT, revealing the major effect of ET at
early stages of infection (Figure 1E and Figure S1E). Identical
TEM tunnels were visualized in ET-intoxicated endothelial
cells of various vascular and mammalian species origins (Fig-
ure S1F), as well as upon endothelial cell intoxication with the
other adenylate cyclase toxin CyaA of Bordetella pertussis
(Figures S1G and S1H).
We thus identify TEM formation as a general phenomenon
promoted by different bacterial toxins targeting endothelial cells.
Increase in cAMP Signaling Induces the Formation
of TEM Tunnels
As ET catalyzes the production of cAMP, a broad signaling
molecule, we next determined the investment of cAMP in TEMMicrobe 10, 464–474, November 17, 2011 ª2011 Elsevier Inc. 465
Figure 1. Anthrax Edema Toxin Forms
Transendothelial Macroaperture Tunnels
(A) Endothelium permeability measurement in
mice intestine tissue. Mice were injected intrave-
nously with PA 70 mg/mouse and EF 70 mg/mouse
or LF1-254EDIN 10 mg/mouse as indicated.
Permeability was assessed 6 hr postintoxication
using Evans blue dye. (Top) Graph represents fold
induction of permeability (compared to control),
means ± SEM, n = 5. (Bottom panel) Represen-
tative images of mice intestine following Evans
blue dye injection. For statistical analysis, ANOVA
was performed, **p < 0.01.
(B) Electron scanning microscopy picture shows
transendothelial cell tunnels in a rat artery in-
toxicated with PA 3 mg/ml and EF 1 mg/ml (ET) for
4 hr. Scale bar, 5 mm.
(C) A series of video images of TEM tunnels
opening in human endothelial cells (HUVECs) in-
toxicated with ET (top) and C3 (bottom). Arrows
show lamellipodia-like structures extending from
the edge of TEMs. Scale bar, 10 mm (see also
Movie S1).
(D) Time-lapse video microscopy of GFP-actin-
expressing HUVECs intoxicated for 6 hr with ET
shows TEM closure. Scale bar, 10 mm (see also
Movie S1).
(E) Visualization of actin cytoskeleton of human
endothelial cells infected with various strains of
Bacillus anthracis derived from an encapsulated
9602 strain bearing pXO1 and pXO2 plasmids
(9602, 9602P, and 9602L). Virulence factors ex-
pressed by the various recombinant strains are
indicated (ET, edema toxin [PA+EF]; LT, lethal
toxin [PA+LF]). HUVECs were infected for 6 hr with
B. anthracis in conditions of moi of 1. Cells were
fixed and actin cytoskeleton was labeled using
TRITC-conjugated phalloidin. Insets show TEMs.
Scale bar, 10 mm (see also Figure S1E).
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concomitantly with an increase of intracellular cAMP produced
by ET, measured both directly by ELISA and indirectly by
immunoblotting the PKA-induced phosphorylation of the cAMP
response element-binding (CREB) transcription factor (Figures
2A and 2B). Regression analysis showed a direct correlation
between intracellular levels of cAMP and the cell population
displaying TEMs, with R2 = 0.8 (Figure 2C). Accordingly, CyaA
triggered a dramatic increase of both cAMP levels and induction
of TEMs in 80% of cells, while cholera toxin triggered a modest
increase in cAMP in HUVECs and almost no TEMs (Figures S2A
and S2B). Treatment of cells with the cAMP competitive antago-
nist Rp-8-Br-MB-cAMPS (Rp8), on the other hand, dramatically
reduced the number of ET-intoxicated cells that displayed TEMs
(ID50 = 50 mM, p < 0.001) (Figure 2D).
The above data prompted us to define the capacity of cAMP
to trigger TEMs in the absence of ET. Treatment of endothelial466 Cell Host & Microbe 10, 464–474, November 17, 2011 ª2011 Elsevier Inc.cells with the cAMP analog Sp-8-pCPT-
cAMPS (Sp8) at 10 mM had 75% effi-
ciency, as compared to ET, in triggering
TEMs in the cell population (Figure 2E).
Time-lapse video imaging revealed thetransient nature of TEMs induced by Sp8 (Figure 2F). ET
produces cAMP at the perinuclear region, where it can be
metabolized into 50AMP by PDE4 phosphodiesterase (Dodge-
Kafka et al., 2005). Induction of cAMP due to inhibition of
PDE4 with rolipram at 1 mM increased by 2-fold the percentage
of intoxicated cells that displayed TEMs (Figure 2E and
Figure S2C).
The cyclic-AMP molecule signals primarily through the acti-
vation of cAMP-dependent protein kinase A (PKA) and the
exchange protein directly activated by cAMP (Epac), leading
to activation of the Rap1 small GTPase (Bos, 2003). Treatment
of intoxicated cells with the PKA peptide inhibitor (PKI) at 30 mM
reduced the formation of TEMs by 75% (Figure 2G). Expression
of a dominant-negative mutant of Rap1 (Rap1-DN) also had
a blocking effect on ET-induced TEMs (Figure 2G). By conduct-
ing the mirror experiments, we found that efficient induction of
TEMs required both the activation of cAMP-dependent PKA,
Figure 2. Increase in cAMP Signaling Induces the
Formation of TEM Tunnels
(A) Percentage of HUVECswith TEMs at indicated periods
of time of intoxication with ET. Data show means ±
SEM, n = 3.
(B) Quantification of intracellular cAMP at indicated
periods of time of intoxication with ET. Data are presented
as fmol of cAMP per microgram of protein lysate. Data
show means ± SEM, n = 3. Inset shows an increase of
CREB phosphorylation following 0.5 hr of intoxication
with ET.
(C) Regression analysis shows that elevation of intracel-
lular cAMP levels correlate with an increase of TEM
formation in the cell population with R2 = 0.8.
(D) Quantification of HUVECs with TEMs following intoxi-
cation for 4 hr with ET alone or with the membrane-
permeable cAMP competitive antagonist Rp-8-Br-MB-
cAMPS (Rp8). Means ± SEM, n = 3.
(E) Quantification of HUVECs with TEMs following
treatment with the membrane-permeable cAMP agonist
Sp-8-pCPT-cAMPS (Sp8), a PDE4 inhibitor Rolipram
(Rol), ET for 4 hr, or a combination of ET and Rolipram
(cAMP measurements in Figure S2C). Data show
means ± SEM, n = 3.
(F) Time-lapse videomicroscopy of GFP-actin-expressing
HUVECs treated for 6 hr with Sp-8-pCPT-cAMP shows
TEM opening and closure. Scale bar, 10 mm.
(G) Quantification of HUVECs with TEM tunnels when
treated for 4 hr with ET, the selective cAMP-dependent
PKA activator (6-Bnz), the selective activator of Epac,
8-pCPT-20-O-Me-cAMP (007), the PKA inhibitor (PKI), or
expressing Rap1a dominant-negative mutant (Rap1-DN),
as indicated. Data show means ± SEM, n = 3.
(A, B, D, E, and G) For statistical analysis ANOVA was
performed; ns, not significant, *p < 0.05, **p < 0.01, ***p <
0.001 compared to control in non-ET-treated conditions
and compared to ET alone in ET-treated conditions.
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cAMP (007) (Figure 2G) (Enserink et al., 2002). Thus our phar-
macological analyses support the idea that cAMP-dependent
activation of PKA and Epac cooperate to sensitize cells to
form TEMs, a phenomenon exploited by ET.
Opening of TEM Tunnels Shows Similarity to a Physical
Dewetting Phenomenon
ADP-ribosylation of RhoA and induction of cAMP signaling by
several toxins triggers the formation of TEM tunnels. We there-
fore hypothesized that the formation of TEMs may correspondCell Host & Microbe 10, 464–to a general phenomenon driven by the conver-
gence of these signaling pathways upon a
physical process.
In line with this notion, live imaging of TEMs in
HUVECs revealed that the opening of tunnels
generated by ET and C3 present striking
phenomenological similarities with liquid dew-
etting (Figure 3A compared to Figure 1C and
Movie S1). Classically, dewetting refers to the
passive physical process of nucleation and
growth of dry patches within a thin liquid film
(Figure 3A) (de Gennes et al., 2004). A major
hallmark of viscous liquid dewetting is theformation of a rim that stores liquid collected from the dry
patch inside the hole. To determine whether TEM formation
generated such a rim, we profiled the height of TEMedges during
opening, using atomic force microscopy (AFM) coupled to video
microscopy (Figure S3A). AFM line z scan showed that ET- and
C3-intoxicated cells have an average height of 53 nm ± SEM
6 nm and presents holes (TEMs) where the AFM tip reaches
the substrate (Figures 3B and 3C and Figures S3B and S3C).
Importantly, live line-scan identified that as the holes form
they are surrounded by a ridge with an average height of
115 nm ± SEM 15 nm (Figures 3B and 3C, representative474, November 17, 2011 ª2011 Elsevier Inc. 467
Figure 3. TEM Opening Shows Phenomenological
Similarities to Liquid Dewetting
(A) Images showing the growth of a dry zone in a poly-
dimethylsiloxane (PDMS) film deposited on fluorinated
silicon. The dewetting process shown in these snapshots
takes 10 min. The film thickness is 30 mm, replicated with
permission from authors, copyright (1991) by American
Physical Society (Redon et al., 1991).
(B and C) Representative AFM profiles showing an
increase in height of the cell at the border of TEMs (Z,
height of the cell in nanometers; Y, distance along the
width of the cell in micrometers) (see also Figure S3 for
AFM measurements of other TEMs). (B) HUVECs in-
toxicated with ET. (C) HUVECs intoxicated with C3.
(D) 3D topographic image of a TEM in ET-intoxicated
HUVECs scanned by AFM. Scale bar, 8 mm. Height is
indicated using a false color scale. See also Movie S2.
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height/cell height, n = 9 TEMs per conditions, Figures S3B and
S3C). The presence of a ridge can be visualized by 3D AFM
topography (Figure 3D and Movie S2), indicating that TEM
opening might correspond to a cellular form of dewetting. The
striking difference compared to liquids, however, is that whereas
in viscous liquids the dry patches grow without limit to form
droplets, in cells TEMs reached a maximal size and stopped
growing. This was followed by the extension of membrane
waves from the edges of TEMs, leading to their complete closure
(Figures 1C and 1D and Movie S1). Thus we next investigated
how cells perceive TEMs in order to limit their opening by driving
their closure.
The I-BAR Domain of MIM Senses TEM Tunnels
Formation of TEMs creates a combination of negative and posi-
tive membrane curvature at their edges, where the membrane is
curved away from or toward the cytoplasm, respectively, as de-
picted in Figure 4A. Note that the positive curvature decreases
as TEMs enlarge. Therefore, we reasoned that the newly formed
negatively curved membranes could represent a structural cue,
which I-BAR domain-containing proteins may perceive (Saari-
kangas et al., 2009). I-BAR domains are cigar-shaped homo-
dimers that harbor a lipid-binding interface with an outwardly
curved (convex) geometry. I-BAR domains sense/generate
negative membrane curvature and are involved in the formation
of plasma membrane protrusion in cells (Lee et al., 2007; Mattila
et al., 2007; Millard et al., 2005; Saarikangas et al., 2009; Suet-
sugu et al., 2006). The exact biological functions of I-BAR
domain proteins have not been reported to date, and whether
these proteins sense or actively generate negative membrane
curvature in cells is not known. Interestingly, we found that the
I-BAR domain of MIM (MIM-I-BAR-GFP) showed strong accu-
mulation at TEM edges (Figure 4B and Figure S4A). The I-BAR
domain of ABBA, which belongs to the same subfamily as MIM
(Saarikangas et al., 2008), localized similarly to MIM-I-BAR (Fig-
ure 4B and Figure S4A). The I-BAR domains of IRSp53 and
IRTKS did not localize to TEM edges (Figure 4B and Figure S4A).
The only major biochemical difference between MIM/ABBA
and IRSp53/IRTKS I-BAR domains identified so far is the468 Cell Host & Microbe 10, 464–474, November 17, 2011 ª2011 Elsmembrane insertion of an amphipathic a helix by MIM and
ABBA (Saarikangas et al., 2009). It was recently proposed that
amphipathic a helices can function in some conditions as
sensors of positive membrane curvature (Bhatia et al., 2009;
Drin and Antonny, 2010; Drin et al., 2007). We thus investigated
the possible role of the amphipathic a helix of the MIM I-BAR
domain in sensing positive curvature during TEM opening.
Complementary to the primary observations by Saarikangas
et al., we saw that a construct lacking the amphipathic a helix
of the MIM-I-BAR (MIMDN) was unable to accumulate at the
TEM edge (Figure 4C, Figures S4B and S4C) (Saarikangas
et al., 2009). Furthermore, overexpressing a MIM-I-BAR con-
struct, where the positively charged lipid-binding residues had
been neutralised (MIMDC), also disrupted the localization of
MIM-I-BAR to the TEM edge (Figure 4C and Figure S4B). Collec-
tively, it appears, therefore, that both electrostatic interactions,
that recognize negative membrane curvature, and the amphi-
pathic a helix, that may sense positive membrane curvature,
are required for the specific localization of MIM-I-BAR to TEM
tunnels. Note, however, that MIMDN and MIMDC remained
capable of localizing to the cell edge (Figure 4C and Figure S4B).
Therefore MIM binding to newly formed edges at TEMs appears
to be more sensitive to curvature and to the charge of the
membrane, compared to its binding to the cell edge. Such differ-
ences may reflect the fact that association of MIM to the cell
edge is stabilized by other types of protein-protein interactions
(Woodings et al., 2003).
We next performed high-speed video microscopy to analyze
the timing of I-BAR recruitment to TEMs during their opening.
Live-cell imaging showed accumulation of MIM-I-BAR-GFP
following the opening event with signal detected between 282
and 846 ms after the opening event (n = 4, see representative
video series, Figure 4D). Together with in vitro data showing
the capacity of MIM-I-BAR to tightly associate with the
membrane and form internal tubules when added to vesicles
(Saarikangas et al., 2009), our cellular data strongly suggest
that MIM-I-BAR indeed has the capacity to sense the membrane
curvature generated at the edge of TEMs. Control cells express-
ing GFP presented no accumulation of GFP at the TEM edge at
any time (Figure S4D). We also found that full-length MIM fusedevier Inc.
Figure 4. Recruitment of the MIM I-BAR
Domain to TEM Edges
(A) Schematic representation showing the two
types of curvature found at the TEM edge along
the z axis (side view) and along the xy axis (top
view). Sign convention is used to indicate direction
of curvature.
(B) Overexpression of GFP-tagged I-BAR domains
in HUVECs intoxicated with ET for 4 hr (see also
Figure S4A for C3 data).
(C) Localization of the MIM I-BAR constructs
MIMDN (MIM I-BAR domain lacking the amphi-
pathic a helix) and MIMDC (MIM I-BAR domain
neutralized for positive charge) in 4 hr ET-in-
toxicated HUVECs (see also Figure S4B for C3
data). Scale bar, 10 mm for (B) and (C).
(D) (Top) Representative series of high-speed
video imaging of a cell expressing MIM-I-BAR-
GFP and intoxicated with C3 for 24 hr (see also
Figures S4D and S4E). Images were captured
every 140 ms using spinning disk microscopy.
(Bottom) Line graphs show fluorescence intensity
in the region (mm) indicated by the green arrow (top
panel). The red line indicates the mean back-
ground fluorescence intensity. Scale bar, 5 mm.
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the edge following the opening event (Figure S4E).
MIM Is Essential for Cells to Close TEM Tunnels
To assess the function of MIM on TEM formation, we depleted
MIM by siRNA. Reduction of cellular levels of MIM by up to
75% (Figure 5A) triggered a significant increase in the number
of cells that displayed TEMs, as compared to nontargeted siRNA
(NT-siRNA)-treated cells (Figure 5B and Figure S5A). Using
individual siRNA duplexes of the pool of siRNA (oligo-A, -B, -C)
also yielded similar knockdown effects, albeit with lower effi-
ciency (Figure S5B). We verified the absence of cross-targeting
of MIM siRNA on the closest homolog ABBA by quantifying
mRNA levels (data not shown). This phenotype could be rescued
by overexpressing a GFP-tagged mouse full-length MIM con-
struct in MIM oligo-A siRNA-treated cells (Figure 5B and Fig-
ure S5A). We further found an absence of impact of IRSp53
knockdown on the percentage of cells with TEMs (Figure 5B
and Figures S5A and S5C). Overall, these data indicate that
MIM is recruited early to nascent TEMs and is essential for cells
to limit TEM formation.
Wenext establishedan Image J-based semiautomatedcompu-
tational analysis method to quantitatively analyze TEM opening
and closure in cells (Figure 5C and Figures S5D and S5E). The
rate of tunnel opening and closure in control GFP-expressingCell Host & Microbe 10, 464–474, Ncells was established by plotting the
surface area of individual TEMs at each
time point of imaging as a ratio of the
maximum area reached by that TEM (Fig-
ure 5C, Figures S5D and S5E, and
Figures S5I and S5J). The eight graphs
plotted in Figure 5C show the homoge-
neity of the phenomenon over randomly
selected TEMs (see also Figure S5E).This allowed us to extract a model curve (Figure 5D and Fig-
ure S5F) with an opening half-time (O1/2) of 0.4 min for ET and
0.9 min for C3 and a closing half-time (C1/2) of 2.3 min for ET
and 1.5 min for C3 (Figure 5D, Figure S5F, and Figures S5I
and S5J).
Strikingly, in MIM knockdown cells we found that a majority of
these TEMs were unable to close within the time of recording
(30–80 min) (Figure 5E, Figure S5G, and Movie S3). This strongly
implied a role for MIM in the cellular response to tunnel closure.
Interestingly, the dramatic retardation of TEM closure likely pre-
vented new rounds of TEM opening and closure, as we did not
observe opening of new TEMs in MIM knockdown cells. Next
we carried out the converse experiment and analyzed the
dynamics of cells overexpressing full-length MIM protein.
Expression of full-length MIM-GFP resulted in a faster dynamics
of tunnel closure, with C1/2 0.5 min for ET and 0.7 min for C3, as
compared to GFP control cells C1/2 2.3 min for ET and 1.5min for
C3 (Figure 5F, Figure S5H, and Figures S5K and S5L). Collec-
tively, these data establish the key requirement of MIM in driving
the closure of TEMs.
MIM Recruits Arp2/3 to TEM Tunnel Edges to Extend
Membrane Waves via Actin Polymerization
In addition to the curved I-BAR domain, MIM also contains
a C-terminal actin monomer binding WH2 domain and severalovember 17, 2011 ª2011 Elsevier Inc. 469
Figure 5. MIM Regulates TEM Closure
(A) Immunoblot showing MIM expression in cells trans-
fected with mock (Ø), control nontargeted duplexes (NTsi),
RNAi duplexes directed against human IRSp53 (IRS-
p53si), or human MIM (MIMsi). Loading was controlled
by b actin immunoblotting.
(B) Graph of the percentage of cells with TEMs. Cells
were first transfected with IRSp53si, MIMsi, human
MIM_oligoA + full-length mouse MIM-GFP (MIMsi [A] +
MIM-FL-GFP), or NTsi for 24 hr and next intoxicated for
4 hr with ET. The percentage of cells with TEMs in each
condition was normalized to NTsi condition. Data are
means ± SEM (n = 3, 400 cells per condition).
(C–F) Graphs of the dynamics of TEM opening and closure
corresponding to surface/maximum surface (surface
ratio), as a function of time (see also Figure S5D). TEMs
were imaged every 30 s. Each colored line represents an
individual TEM. Block-dotted curves are the mean
dynamics of GFP control TEMs, i.e., graph in (D). All raw
data are indicated in Figures S5I–S5L. (D–F) Arrows indi-
cate mean duration of TEM in intoxicated control cells.
(C and D) GFP-control (GFP)-expressing cells intoxicated
with ET, with (D) corresponding to themean curve. (E) MIM
RNAi transfected cells (MIM-siRNA) intoxicated with ET.
For C3 intoxication conditions, see Figure S5G and Movie
S3. (F) MIM full-length GFP (MIM-FL-GFP)-expressing
cells intoxicated with ET.
Cell Host & Microbe
cAMP Signaling Triggers Transcellular Tunnelsother protein-protein interaction modules that link it to actin
cytoskeleton regulation (Chauhan et al., 2009; Machesky and
Johnston, 2007; Quinones and Oro, 2010; Scita et al., 2008;
Shin et al., 2008). However, the mechanism by which the actin
regulation activities of MIM work together with its membrane
curvature sensing/generation function is yet to be tested and
empirically verified in a single system.
We postulated that MIM may combine the function of these
different domains at the TEM edge to regulate TEM closure. In
agreement with this hypothesis, we observed that actin-rich
membrane wave extension was lost in MIM-depleted cells
(Figure 6A, Figure S6A). Note that in contrast no discernable
difference was observed in the thin ring of actin visible at the
edge of the TEM after their opening (Figure 6A, Figure S6A).
Thus there appear to be two pools of actin at the TEM, one
that surrounds the edge after TEM opening and another one
that accumulates in extending membrane waves. Importantly,
we observed a broad wave of F-actin around the TEM circumfer-
ence in conditions of full-length MIM overexpression (Figure 6A,
Figures S6A and S6B). We noticed that the actin monomer
bindingWH2 domain was not necessary for this recruitment (Fig-
ure 6A, Figure S6A). Additionally, although the I-BAR domain of
MIM accumulated around TEMs, it did not produce the recruit-
ment of actin observed with full-length MIM (Figure 6A, Fig-
ure S6A). These data suggest that (1) MIM regulates a distinct
pool of actin to drive TEM closure, by triggering the formation
of membrane waves, and (2) the molecular determinants for
membrane sensing and binding compared to actin regulation
are encompassed within distinct regions of the MIM protein.
We observed a localization of the Arp3 subunit of the Arp2/3
actin nucleation/branching complex at the leading edge of
membrane protrusions that close TEMs (Figure 6B, Figure S6C).
Importantly, this localization was lost in 60% of nascent protru-470 Cell Host & Microbe 10, 464–474, November 17, 2011 ª2011 Elssions formed in MIM knockdown cells (Figure 6B, Figure S6C),
indicating that MIM triggers a recruitment of Arp2/3 to the
membrane waves (n = 30 cells for each experiment). Depletion
of Arp3 by RNAi (Figure 6C, inset blot) resulted in an increase
in the percentage of cells with TEMs that were Arp3 depleted,
compared to control cells (NTsi) (Figure 6C and Figure S6D).
Video microscopy revealed that cells depleted for Arp3 were
unable to generate membrane waves that closed TEMs (Movie
S4). Importantly, in Arp2/3-depleted cells, full-length MIM still
localized to the TEM edge (Figure 6D, Figure S6E). Furthermore,
we observed that the strong recruitment of actin triggered by
full-length MIM was no longer visible in these cells (Figure 6D,
Figure S6E). Instead, a thin ring of actin remained around the
TEM edge, as observed with control cells (Figures 6A and 6D).
We therefore conclude that MIM triggers the recruitment of
Arp2/3 to TEM edges and thus promotes actin polymerization
to drive the formation of membrane protrusions that are neces-
sary for the closure of TEMs.
Together these data reveal that the I-BAR domain promotes
the accumulation of MIM to TEM edges, while other domains
of MIM drive TEM closure by triggering Arp2/3-dependent actin
polymerization.
DISCUSSION
Here we unravel the capacity of cAMP signaling to induce
TEM tunnels, a phenomenon corrupted by B. anthracis and
B. pertussis adenylate cyclase toxins. Our data support the
hypothesis that cAMP-phosphodiesterase PDE4 activity is able
to limit the formation of TEM tunnels, a regulation overridden
by cAMP production via B. anthracis ET. Our work identifies an
analogy between opening of TEM tunnels and the dewetting
phenomenon. We further reveal that owing to the ability of MIMevier Inc.
Figure 6. MIM Regulates Actin at ET-Induced TEM
Edge via Arp2/3
(A) Cells were transfected with MIM-FL-GFP, MIM-I-BAR-
GFP, MIMDWH2-GFP, or GFP empty vector as control
(green). For MIM depletion (MIM-siRNA), cells were trans-
fected with 100 nM of MIM RNAi duplexes plus GFP
empty vector (to identify transfection) for 24hr. Transfected
cells were intoxicated for 4 hr with ET. Actin was labeled
with phalloidin (red). Scale bar for control, MIMsiRNA,
10 mm; for MIM-FL, MIMDWH2, MIM-I-BAR, 5 mm.
(B) Immunolabeling of the Arp3 (p34) subunit of Arp2/3
(green) in control (control, scale bar, 5 mm) and MIM
siRNA (MIM-siRNA, scale bar, 10 mm)-treated HUVECs
that were intoxicated with ET for 4 hr. Actin was labeled
using TRITC-phalloidin (red). Green arrows indicate points
of interest.
(C) Graph of the percentage of cells with TEMs. Cells were
first transfected with siRNA directed against human Arp3
(Arp3si) or control (NTsi) twice, for 24 hr each time, and
next intoxicated for 4 hr with ET. Data are means ± SEM
(three independent experiments, 400 cells per condition).
For C3 intoxication condition, see Figure S6D and Movie
S4. (Inset) Immunoblot showing Arp3 levels in cells treated
with Arp3si or NTsi. Loading was controlled by b-actin
immunoblotting.
(D) Effect of Arp3 knockdown on MIM-FL-GFP recruit-
ment of actin around TEMs. Cells treated 24 hr with Arp3
RNAi were next transfected with MIM-FL-GFP together
with Arp3 RNAi for 24 hr prior to ET intoxication for 4 hr
(scale bar, 5 mm).
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Arp2/3-dependent formation of actin-rich membrane waves,
cells are able to efficiently counteract this tunnel formation.
Animal and human vascular dysfunctions are a hallmark of
deadly infections by B. anthracis and vascular anthrax toxemia
(Moayeri and Leppla, 2004; Golden et al., 2009). Both anthrax
toxins ET and LT corrupt vascular homeostasis, which partici-
pates in cardiovascular collapse and death during anthrax infec-
tion (Golden et al., 2009; Kuo et al., 2008). After intravascular
injection of ET, mice suffer from sudden hypotension, which
correlates with fluid accumulation in tissues (Firoved et al.,
2005). At early periods of subcutaneous infection, deletion of
the EF-encoding gene ofB. anthracis largely impairs the capacity
of bacteria to disrupt the endothelium barrier (Guichard et al.,
2010). Here the study of ET effects on cells has unveiled its
capacity to rapidly trigger a rupture of endothelium barrier in
edematous tissues in correlation with the capacity of ET to
command the formation of large TEM tunnels, a phenomenon
controlled by cAMP signaling.
Importantly, our data show that wild-type B. anthracis
producing both toxin components triggered a cellular effect
driven by ET resulting in the formation of TEM tunnels (Figure 1E
and Figure S1E). Infection by bacteria producing LT, as the sole
toxin component, resulted in a formation of thick actin cables
(Figure S1E), as observed with the recombinant purified LT
(Rolando et al., 2009). Actin cables induced by LT are disrupted
upon inhibition of the RhoA/ROCK/MLC pathway (Rolando et al.,
2010). Thus inhibition of MLC by ET likely accounted for the
absence of formation of actin cables visualized in cells infected
by ET- and LT-producing bacteria.
Transcellular tunnels may account for at least a part of the
early disruptive effect of the endothelium barrier by ET. ToCell Host &support this hypothesis, here we took advantage of EDIN
activity, which induces a formation of TEMs in the absence of
intercellular junction rupture (Rolando et al., 2009). This allowed
us to show that injection of EDIN by B. anthracis PA machinery
(LET toxin) recapitulates ET rupturing effects on the endothelium
of the gastroinstestinal tract upon animal intoxication via intra-
vascular route. These effects of ET contrast with reports demon-
strating that induction of cAMP signaling by physiological stimuli
stabilizes endothelium barrier function (Sayner, 2011). These
differences might reflect specificities due to compartmentalized
production of cAMP and/or differences of levels of cAMP
produced. Formation of TEMs upon inhibition of PDE4 supports
the idea that the increase of the flux of cAMP, at the perinuclear
region, can promote induction of these large tunnels. Neverthe-
less, the importance of a compartmentalized production of
cAMP remains to be addressed. Indeed, although the adenylate
cyclase CyaA enters cells directly from the plasma membrane,
where it catalyzes the production of cAMP, it also generates
a delayed increase of cAMP in the perinuclear area, where
ET catalyzes the production of cAMP (Dal Molin et al., 2006).
Moreover, induction of cAMP at the plasma membrane by
cholera toxin was too low to determine, without ambiguity, the
need of a compartmentalized induction of cAMP signaling to
drive the formation of TEMs (Figure 2C and Figure S2A). In
contrast, our data established a strong correlation between
levels of cAMP produced by several toxins and the efficiency
of TEM induction (Figure 2C and Figures S2A and S2B). Collec-
tively, our data support the idea that cAMP signaling triggers
a shift in the type of endothelium permeability, from small
intercellular gaps to large transcellular tunnels with an overall
effect on endothelium permeability likely controlled by the
efficiency of TEM induction.Microbe 10, 464–474, November 17, 2011 ª2011 Elsevier Inc. 471
Cell Host & Microbe
cAMP Signaling Triggers Transcellular TunnelsOur data underscore the capacity of cells to respond to tunnel
formation by recognizing global changes tomembrane curvature
via MIM. We provide evidence that MIM senses specific
membrane curvature generated at the edges of opening TEMs
(see model in Figure 4A). We decipher that this function of
MIM is born both by the convex shape of the I-BAR domain
that senses negative membrane curvature, and through its
N-terminal amphipathic a helix that may sense positive mem-
brane curvature (Saarikangas et al., 2009). As the diameter of
TEMs increases, the positive membrane curvature diminishes
and the I-BAR domain of MIM is likely to predominantly sense
the negative membrane curvature at these sites. In intoxicated
endothelial cells, our evidence indicates that Arp2/3-driven actin
polymerization by full-length MIM is required to close TEMs.
Thus we propose that regulation of actin polymerization by
MIM may be the primary mechanism that generates the force
required to close TEMs, with similarity to extension of mem-
branes at the edge of migrating cells (Mogilner and Oster,
1996). Our previous data indicate that an efficient response by
the cell to close TEMs is essential to control vascular leakage
and restrict bacterial dissemination into tissues (Rolando et al.,
2009). We did not measure differences in the increase of endo-
thelium permeability between MIM KO and WT mice intoxicated
by ET. This suggests a possible redundant function between
MIM and ABBA, as discussed by Saarikangas et al. (Saarikangas
et al., 2009). Consistently, we observed that ABBA overexpres-
sion rescued MIM knockdown effect (data not shown). Thus
here we identify a potential redundant role for I-BAR proteins
as guardians of endothelium barrier integrity.
Here we have shown that pathogenic bacteria are able to
target diverse cellular processes to generate transendothelial
tunnels. We group these toxins responsible for tunnel formation
and coin them tunnel-forming toxins. All tunnel-forming toxins
described so far utilize corruption of actomyosin contraction
and the resulting cell spreading to produce TEMs and breach
the endothelial barrier. We show that the host cell can perceive
membrane curvature generated by TEMs to control the temporal
opening of these tunnels. We identify that, in an example of
biological elegance, MIM detects TEM opening by sensing
membrane curvature and further drives tunnel closure by regu-
lating actin polymerization.
EXPERIMENTAL PROCEDURES
An expanded Experimental Procedures section is available in the Supple-
mental Information, including lists of antibodies, plasmids, siRNA, immunoblot
analysis, detailedmicroscopy techniques, bacterial infection experiments, and
QPCR primer sequences.
Cell Culture, Intoxication, and Transfections
Human umbilical vein endothelial cells (HUVECs) (PromoCell) were grown and
transfected, as described in Doye et al. (2006). Cells were used between
passages two and four. In all in vitro and ex vivo experiments we used
recombinant purified C3 toxin at 100 mg/ml, with ET at 1 mg/ml (10 nM) EF
and 3 mg/ml (35 nM) PA, CyaA toxin at 1 mg/ml, cholera toxin at 2 mg/ml, and
LF1-254EDIN (LFE) at 1 mg/ml.
Intestinal and Monolayer Permeability
Animal vascular permeability was assessed using a classical Evans blue dye
extravasation assay, as described in Boyer et al. (2006). Briefly, groups of
6-week-old BALB/c mice were injected into the tail vein with 70 mg of PA472 Cell Host & Microbe 10, 464–474, November 17, 2011 ª2011 Elsand 70 mg of EF or 10 mg of LF1-254EDIN.We have verified that this dose of toxin
induced TEM on endothelial cells (data not shown). Evans blue dye (30 mg/Kg
in 100 ml PBS; Sigma-Aldrich) was injected into the tail vein 6 hr after the first
injection, and following imaging the Evans blue dye was extracted 30 min later
from the duodenum and quantified, as previously described. Animals used
during this study were maintained and handled according to the regulations
of the European Union and the French Department of Health and Agriculture.
For monolayer permeability assays, HUVECs were grown to confluence on
gelatin-coated polyester filters (3 mm pore size; 12 mm diameter; Greiner).
Following 4 hr intoxication with ET, 0.4% Evans blue dye was added to the
medium in the top chamber. Samples were collected after 30 min from the
bottom compartments and coloration quantified at 630 nm.
Bacillus anthracis Strains
We used the parental encapsulated strain 9602 (pXO1+, pXO2+), the derivative
mutant 9602L Dlef producing only PA and EF, the mutant 9602C Dcya
producing only PA and LF, and the mutant 9602P DpagA producing only EF
and LF. We also used the parental nonencapsulated Sterne strain 7702
(pXO1+, pXO2), the derivative single mutant RP10 Dlef producing only PA
and EF, the single mutant RP9 Dcya producing only PA and LF, and the
double mutant RPLC2 producing PA and catalytic inactive LF and EF (Tournier
et al., 2005).
Pharmacological Reagents Targeting cAMP Signaling
and cAMP Measurements
PKI corresponds to 14–22 amide myristoylated, cell-permeable peptide
(TOCRIS Bioscience Missouri, USA). All other reagents were purchased
from Sigma (Saint-Quentin Fallavier, France). 6-Bnz-cAMP sodium salt
(N6-benzoyladenosine-30,50-cyclic monophosphate sodium salt), 8-pCPT-20-
O-Me-cAMP (007) (8-[4-chlorophenylthio]-20-O-methyladenosine 30,50-cyclic
monophosphate monosodium hydrate), Rolipram (4-[3-(Cyclopentyloxy)-4-
methoxyphenyl]-2-pyrrolidinone), Rp-8-Br-MB-cAMPS (8- bromoadenosine-
30,50-cyclic monophosphorothioate, Rp-isomer), Sp-8-pCPT-cAMPS
(8-[4-chlorophenylthio]adenosine-30,50-cyclic monophosphorothioate, Sp-
isomer). Intracellular cAMP measurement was performed using the cAMP
Biotrack competitive enzyme immunoassay system from GE Healthcare
(Amersham, UK).
Statistical Analysis
Data are presented as means ± SEM unless otherwise indicated. Unpaired,
two-sided Student’s t test was used when indicated, with *p < 0.05, **p <
0.01, ***p < 0.001 considered statistically significant. When assessing multiple
groups, one-way ANOVA was utilized with Bonferroni post hoc test. The
statistical software used was Prism 5.0b.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, four movies, Supplemental
Experimental Procedures, and Supplemental References and can be found
with this article online at doi:10.1016/j.chom.2011.09.014.
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